A major challenge in evolutionary biology is to identify the genes underlying adaptation. The oxygentransporting haemoglobins directly link external conditions with metabolic needs and therefore represent a unique system for studying environmental effects on molecular evolution. We have discovered two haemoglobin polymorphisms in Atlantic cod populations inhabiting varying temperature and oxygen regimes in the North Atlantic. Three-dimensional modelling of the tetrameric haemoglobin structure demonstrated that the two amino acid replacements Met55b 1 Val and Lys62b 1 Ala are located at crucial positions of the a 1 b 1 subunit interface and haem pocket, respectively. The replacements are proposed to affect the oxygen-binding properties by modifying the haemoglobin quaternary structure and electrostatic feature. Intriguingly, the same molecular mechanism for facilitating oxygen binding is found in avian species adapted to high altitudes, illustrating convergent evolution in water-and air-breathing vertebrates to reduction in environmental oxygen availability. Cod populations inhabiting the cold Arctic waters and the low-oxygen Baltic Sea seem well adapted to these conditions by possessing the high oxygen affinity Val55-Ala62 haplotype, while the temperature-insensitive Met55-Lys62 haplotype predominates in the southern populations. The distinct distributions of the functionally different haemoglobin variants indicate that the present biogeography of this ecologically and economically important species might be seriously affected by global warming.
INTRODUCTION
Elucidating the molecular mechanisms of adaptation is a central aim in evolutionary biology, yet very few studies have identified the genes underlying adaptive variation in fitness-related traits in natural populations. The haemoglobins represent a unique system for studying adaptive changes because these oxygen-carrying proteins closely connect metabolic activities with external conditions. Hence, the haemoglobins have experienced a major evolutionary pressure and acquired a number of complex features to execute their primary function under extreme variable conditions ( Perutz 1983) . One remarkable instance of natural selection is the mutated haemoglobin of the Andean goose (Chloephaga melanoptera) and bar-headed goose (Anser indicus) enabling these species to tolerate low oxygen pressure at high elevations in the Andean and Himalayan mountains, respectively (Hiebl et al. 1987; Liang et al. 2001) . The genetic basis of high-altitude adaptation in the deer mice (Peromyscus maniculatus) has recently been elucidated by identifying several mutations in the 5 0 a globin gene, which showed different genotypes in the elevation zones examined (Storz et al. 2007) . Temperature change strongly affects the oxygen consumption and haemoglobin-oxygen-binding affinity of poikilothermic organisms, as well as the ambient oxygen availability. This crucial environmental factor therefore sets the limits for life by influencing the maintenance and activity of all poikilothermic animals. Accordingly, the impact of global warming on seawater temperatures has been reported to seriously affect both the distribution and production of marine species (O'Brian et al. 2000; Perry et al. 2005; Brander 2007 ). Thus, the northward shift of the North Sea populations of Atlantic cod was reported to be due to climate-related changes (Perry et al. 2005) , which, however, seems to contrast with the lack of selective behaviour to avoid high temperatures reported in a more recent study ( Neat & Righton 2007) . The tolerance of marine fishes to not only high, but also low, temperatures is characterized by a discrepancy between the demand for oxygen and the capacity of oxygen supply to the tissues Sartoris et al. 2003; Pö rtner & Knust 2007) . This emphasizes the temperature-dependent use of functionally different haemoglobin isoforms to optimize oxygen transport. The nucleated red blood cells of fishes are generally characterized by multiple haemoglobin components, which are functionally different and appear adapted for oxygen extraction in habitats that may vary in oxygen, temperature and carbon dioxide ( Pérez et al. 1995; Berenbrink et al. 2007 ). The heterogeneity of fish haemoglobins is further increased in Atlantic cod through the display of population-specific haemoglobin phenotypes designated HbI-1/1, HbI-2/2 and HbI-1/2 (Sick 1961) .
Atlantic cod is believed to comprise several more or less reproductively isolated populations of seasonal migrants and sedentary residents ( Robichaud & Rose 2004; Pampoulie et al. 2008; Wennevik et al. 2008) , which seem to be differentially adapted to the varying physicochemical conditions in the Arctic and temperate regions of the North Atlantic (Nelson et al. 1996; Nissling & Westin 1997; Brix et al. 1998) . The distribution of the cod haemoglobin phenotypes is extremely heterogeneous in the North Atlantic (Brix et al. 1998; Pö rtner et al. 2001) : the homozygote HbI-2/2 type predominates in the colder northern waters, whereas the homozygote HbI-1/1 type is prevalent at lower latitudes along the coast of Norway and in the North Sea. A similar, although less clear, cline can be seen along the North American East Coast (Sick 1965a) . Accordingly, Petersen & Steffensen (2003) showed that temperature is a selective factor in the distribution of the haemoglobin phenotypes by demonstrating that HbI-2/2 cod prefer lower temperatures (8.28C) than HbI-1/1 cod (15.48C) under normoxic conditions. These results fit with oxygen-binding analyses demonstrating that the HbI-2/2 phenotype shows higher oxygen-binding affinity than HbI-1/1 fishes at low temperatures (less than 128C), while the situation is reversed at higher temperatures up to 208C (Karpov & Novikov 1980; Brix et al. 1998 Brix et al. , 2004 . The HbI-1/2 heterozygote seems to display intermediate properties of the two homozygotes.
In this study, we reveal the long-sought genetic basis of the haemoglobin polymorphism in Atlantic cod and present molecular mechanisms underlying the proposed adaptation of the cod populations to varying temperature and oxygen regimes. We first determine the relationship between the conventional haemoglobin phenotypes and sequence polymorphisms in the cod globins. Second, we infer from three-dimensional modelling of the tetrameric haemoglobin structure that the identified amino acid replacements influence the haemoglobin quaternary structure and electrostatic features, and thereby its oxygen-binding properties. Finally, we show that the allelic distribution of the haemoglobin polymorphisms in Atlantic cod populations is related to environmental temperature and oxygen saturation.
MATERIAL AND METHODS
(a) Cloning of cod globin genes Templates for polymerase chain reaction (PCR) amplification of a and b globin genes were isolated from the spleen and blood of juvenile Atlantic cod caught in the sea off Bergen and Trondheim, Norway, and in Øresund, Denmark. The tissues were stored in RNAlater (Ambion, Foster City, CA, USA) until extraction of total RNA (Trizol, Gibco BRL, Gaithersburg, MD, USA) and cDNA synthesis (Pharmacia Biotech, Piscataway, NJ, USA). Design of PCR primers was based on gadoid globin sequences available in public databases, and primer sequences are available upon request. PCR was performed under standard protocols, the amplicons were inserted in pGEM-T Easy Vector (Promega, Fitchburg, WI, USA) and globin-encoding sequences were obtained by sequencing multiple clones in both directions with BigDye v. 3.1 sequencing kit on 3730 ABI DNA analyser (Applied Biosystems, Foster City, CA, USA).
Haemoglobin genotype-phenotype relationships were determined by studying globin sequence variation in a group of 35 juvenile fish caught in the sea off Bergen, which were phenotyped by isoelectric focusing (IEF) analysis of haemolysates ( Fyhn et al. 1994) . The fish were genotyped using erythrocyte cDNA and genomic DNA as templates for the PCR amplification and direct sequencing (Applied Biosystems) of polymorphic sites identified in the Hb-b 1 , Hb-b 3 and Hb-a 2 genes (figure 1). (c) Model building The predicted sequences of the cod globin chains were submitted to the NCBI-Blast server and aligned with homologous sequences using CLUSTALW. The a-and b-globins of Antarctic rock cod Trematomus bernacchii (Protein Data Bank (PDB) code 1HBH), the Dusky notothen Trematomus newnesi ( PDB code 2AA1), bluefin tuna Thunnus thynnus ( PDB code 1V4W), and rainbow trout Oncorhynchus mykiss ( PDB code 1OUT), shared the highest sequence identity with the cod globins and were selected as templates for homology modelling. Each chain model was built by comparative modelling using the MODELLER program v. 7 (Sali & Blundell 1993) as implemented in INSIGHTII (Accelrys Inc., San Diego, CA, USA) and using the crystallographic structures of the four fish haemoglobins. Three structural models were created for each globin chain in Atlantic cod, and the best model was selected based on the MODELLER objective function (F, molecular probability density function violation) and the stereochemical criteria of PROCHECK (Laskowski et al. 1996) . The monomeric a and b chains obtained by homology modelling were superimposed onto the crystal structure of the T. bernacchii haemoglobin to keep the same relative orientation of the four subunits. The majority of the residues of the model structures were found to occupy the most favoured regions of Ramachandran plots, and the other residues occupied the additional allowed regions. Structural manipulations and energy minimization of the four tetrameric combinations of Met55bVal and Lys62bAla were performed using the molecular modelling program INSIGHTII (Accelrys) and the CHARMM force field (Brooks et al. 1983 ).
(d) GRID analysis
The hydrophobic and polar characteristics of the distal environment of the haem pocket were investigated with the GRID program. The interaction of a probe group with a protein of known structure is computed at sampled positions throughout and around the macromolecule, giving an array of energy values. GRID was used to predict the most favourable position for a water molecule near the distal His63b of the alternative pockets attributable to the Lys62bAla polymorphism. The probe used in the calculations was the water group (OH2), and the grid spacing was set to 0.25 Å .
Using the flexibility option of the program, the flexible side chains of the protein can move in response to the probe and therefore mimic the adjustments that occur upon ligand binding. The results are displayed by INSIGHTII (Accelrys) as contour maps showing regions of the b haem pocket, which favourably interact with the hydrophilic probe.
(e) Statistical analyses Departure from Hardy-Weinberg proportions within cod samples was estimated as F IS , and population differentiation, F ST , between sample pairs was evaluated using the estimator q ( Weir & Cockerham 1984) . Calculations and statistical Cod haemoglobin polymorphisms Ø. Andersen et al. 835 testing of F IS , F ST and genotypic disequilibrium between loci were performed using GENEPOP on the web (Raymond & Rousset 1995) .
RESULTS (a) Genotype-phenotype relationships
We searched for polymorphic genes responsible for the conventional haemoglobin phenotypes in Atlantic cod by isolating six genetically distinct globins from reversetranscribed erythrocyte mRNA using PCR. The identified globins comprise two a chains (Hb-a 1 and Hb-a 2 ) and four b chains (Hb-b 1 , Hb-b 2 , Hb-b 3 and Hb-b 4 ), and consist of 143 and 147 amino acids, respectively (figure 1a). Amino acid polymorphisms were identified in three of these globins by studying variation in the coding sequences. The Hb-b 1 gene contains three nonsynonymous mutations resulting in the replacement polymorphisms of Met55Val and Lys62Ala, in which the latter codon displays two mutations (figure 1b). We found strong association between the two haplotypes Met55-Lys62 and Val55-Ala62 and the two protein alleles HbI-1 and HbI-2 by comparing the genotypes and phenotypes of 35 individuals. All the fish displayed the classic IEF patterns (Sick 1961; Fyhn et al. 1994) representing either the HbI-1/1 (nZ12), HbI-1/2 (nZ14) or HbI-2/2 (nZ9) phenotype. Only the non-recombinant haplotypes Met55-Lys62 and Val55-Ala62 were identified in this material by direct sequencing genomic DNA and erythrocyte cDNA. Cod homozygous for the Met55-Lys62 haplotype displayed the HbI-1/1 phenotype, whereas those homozygous for the Val55-Ala62 haplotype gave the HbI-2/2 phenotype. As expected, cod harbouring both haplotypes displayed the heterozygotic HbI-1/2 phenotype. Hence, unambiguous association was found between the polymorphic Hb-b 1 gene, the expressed cDNA and the haemoglobin phenotypes, in contrast to the polymorphic Hb-a 2 and Hb-b 3 genes (figure 1a), which showed no relationship to the phenotypes.
(b) Structure-function relationships We then addressed the functional impact of the Met55b Val and Lys62bAla replacements on the oxygen-binding properties of the cod haemoglobins. As the haemoglobins in Atlantic cod comprise three different tetrameric structures designated Hb1, Hb2 and Hb3 ( Verde et al. 2006) , the quaternary structure of the b 1 -containing Hb1 tetramer a 1 a 1 b 1 b 1 was built by three-dimensional homology modelling using the crystallographic structures of the a-and b-globins of four teleost species as templates. In the tetrameric cod haemoglobin, the position of Met55bVal is close to Pro120a at the a 1 b 1 subunit interface (figure 2). The calculated distances of the CG atom of Pro120a to the CE atom of Met55b and to the CG2 atom of Val55b in the two model structures are 4.18 and 4.95 Å , respectively (figure 2). Hence, the replacement of Met55 with the smaller Val residue increases the distance between the a 1 b 1 subunits that probably reduce the stability of the dimers.
Since the distal pocket residues primarily regulate oxygen binding through electrostatic interactions (Springer et al. 1994) , we evaluated the effect of the Lys62bAla polymorphism by investigating the polar characteristics of the distal environment. In the deoxygenated state, ligand access to the distal pocket is hindered by the presence of a water molecule stabilized by polar residues, whereas proton donors are required to stabilize the oxygenated state (Kachalova et al. 1999; Goldbeck et al. 2006) . The relative magnitude of these two effects governs whether there is an increase or decrease in affinity (Springer et al. 1994) . We estimated the binding energy of a water probe with the distal haem pocket of the Lys62b and Ala62b variants to K14.8 and K11.6 kcal mol
K1
, respectively, demonstrating the stronger water interaction with the polar Lys compared with the Ala residue. Differences in the water interaction patterns in the two alternative pockets are evident in the calculated GRID contour maps (figure 3). The interaction area is significantly larger in the Lys62b-containing pocket due to Figure 3. Lys62bAla substitution and water interaction in the haem pocket, showing the superimposition of GRID contour maps at K11.0 kcal mol K1 for the water probe calculated for the distal haem pocket containing Lys62b (red) or Ala62b (blue). His63b, Lys59b and Lys62b were identified as the key residues contributing to the hydrophilic contour maps. the presence of the relatively large and flexible polar side chain. The smaller hydrophilic contour for the Ala62b variant is due to the interaction of the water probe limited to His63b and Lys59b.
(c) Population genetic results
The allele frequencies of the polymorphic Hb-b 1 locus showed profound differences in the cod populations examined (figure 4; table 1 in the electronic supplementary material). Both the Val55 and Ala62 alleles were completely dominant in the Baltic Sea, Barents Sea and in the northern part of the northeast Atlantic Sea. The frequencies of these alleles declined in both the northsouth and east-west directions, and resulted in the predominance of the Met55 and Lys62 alleles in the southern population of the North Sea. The results are consistent with the cod population studies documenting the predominance of the protein allele HbI-2 in the waters of Greenland (99%), Iceland (98%), northern Norway (90%) and Baltic Sea (96%), decreasing to 28-36% in the warmer areas of the North Sea ( Frydenberg et al. 1965; Sick 1965a,b) . Allele frequencies within samples generally conformed to Hardy-Weinberg expectations, except at Malangen (table 2 in the electronic supplementary material). This sample showed a deficit of heterozygotes, possibly due to population mixing. The Val-Ala and MetLys haplotypes prevailed in the populations examined (table 1). Cod homozygous for the Val-Ala haplotype (corresponding to the HbI-2/2 phenotype) comprised 80-94% of the individuals in populations of the Baltic Sea and the northern waters, whereas homozygotic Met-Lys cod (HbI-1/1 phenotype) were completely lacking in these populations. Met-Lys homozygotes were mainly found in the mid-and southern populations together with the double heterozygotes. There was a significant linkage disequilibrium between the two loci (table 3 in the electronic supplementary material), but it is unclear to what extent heterozygotes are coupled (Met-Lys/Val-Ala) or repulsive (Met-Ala/Val-Lys). Intragenic recombination events have apparently occurred as indicated by the additional genotypes sparsely distributed in the populations examined (table 1) . Consistently, sporadic subtypes of the cod haemoglobins have been reported along the Norwegian coast and in Danish waters, differing from the main types in IEF-banding patterns, oxygen-binding affinities and body growth rates ( Fyhn et al. 1994; Brix et al. 2004; Husebø et al. 2004; Imsland et al. 2007 ).
DISCUSSION (a) Globin polymorphism and oxygen binding
This study presents strong evidence for the crucial role played by the polymorphic b 1 -globin in the adaptation of Atlantic cod to varying temperature and oxygen regimes. The unambiguous association between haemoglobin phenotypes and genotypes determined in both genomic DNA and expressed cDNA strongly supports Hb-b 1 as the active gene responsible for the protein alleles HbI-1 and HbI-2. This is further strengthened by the different isoelectric point of the Met55-Lys62 (pI 7.68) and the Val55-Ala62 (pI 6.99) variants, which is in agreement with the HbI-1-specific cathodic band as visualized by the IEF analysis (Sick 1961; Fyhn et al. 1994) . Furthermore, the Met55Val replacement explains the appearance of an HbI-1-specific cathodic fragment in the fingerprinting analysis of chymotrypsin-digested cod haemoglobin (Rattazzi & Pik 1965) . This His-containing peptide matches perfectly the acidic (pI 10.81) peptide 56GN-PKVAKH62 resulting from low-specific chymotrypsin cleavage at Met55, whereas treatment of the Val55 variant leaves the neutral (pI 7.55) peptide 49STDAA-IVGNPKVAAH62 uncleaved. The latter peptide was apparently not recognized by Rattazzi & Pik (1965) .
The Met55Val and Lys62Ala replacements occur at the key positions of the a 1 b 1 subunit interface and haem pocket, respectively, and are therefore proposed to affect the oxygen-binding properties of cod haemoglobin. The a 1 b 1 contact is crucial to the stability of the dimers, and any gap loosening this a 1 b 1 interaction destabilizes the low-oxygen affinity deoxy state and facilitates transition to the high-affinity oxy state (Abbasi & Lutfullah 2002; Shikama & Matsuoka 2003) . Consistently, increased oxygen affinity was induced in human haemoglobin by site-directed mutagenesis of Met55b/Ser or Pro119a/ Ala (corresponding to cod Pro120a), which both excluded van der Waals contact at this subunit interface ( Jessen et al. 1991) . It is noteworthy that either of these crucial positions is mutated in the haemoglobin of the hypoxiatolerant Andean goose (Leu55b/Ser) and bar-headed goose (Pro119a/Ala), when compared with the greylag goose (Anser anser) living in the plains and displaying normal oxygen affinity (Hiebl et al. 1987; Liang et al. 2001) . In Atlantic cod, changing Met55 with the smaller Val residue increases the gap between the a 1 b 1 subunits that probably destabilizes the T-structure with a resultant Cod haemoglobin polymorphisms Ø. Andersen et al. 837
increase in oxygen-binding affinity, as demonstrated in the human Met55b/Ser mutant ( Jessen et al. 1991) . We therefore propose that, during the process of convergent evolution, the water-breathing cod and air-breathing goose have acquired the same molecular mechanism for highefficiency oxygen binding. The exploitation of the same position for tolerating hypoxic conditions in such diverse species strongly supports the hypothesis of Perutz (1983) that adaptive changes in haemoglobins have evolved by only a few amino acid substitutions in key positions. The second polymorphism Lys62bAla in the cod b 1 globin is located close to the highly conserved His63b on the distal side of the haem. The distal His plays a key role in oxygen binding by regulating ligand access to the haem pocket and by affecting the energetics of the oxygen fixation (Olson et al. 1988; Maréchal et al. 2006) . In Atlantic cod, the replacement of Ala62b with the polar Lys residue does not introduce any significant steric effects on the His63b position (figure 3), in contrast to the Ala62b/ Pro substitution in the human Hb-Duarte mutant resulting in increased oxygen affinity (Ceccarelli et al. 2006) . On the other hand, the mutation modifies the electrostatic feature of the haem pocket as shown by the stronger water interaction with Lys, compared with the neutral Ala, thus reducing the oxygen availability.
Binding of oxygen to haemoglobin is generally an exothermic reaction, and a decrease in temperature induces an increase in oxygen affinity . To evaluate the effect of temperature on the water interaction in the haem pocket, we considered the fact that the transfer of an amino group or an aliphatic group from a non-polar solvent to water is energetically more favourable for the amino group than the aliphatic group, with DG values of K132 and C8 cal mol K1 Å K2 , respectively (Ooi & Oobataka 1988) . Apparently, this is essentially due to the more exothermic water interaction of the former as compared with the latter group, showing a DH of K192 and K26 cal mol K1 Å
K2
, respectively (Ooi & Oobataka 1988) . Consequently, at lower temperatures the oxygen path to the haem iron is restricted, being hindered by the stronger water interaction with Lys62b than with the Ala62b residue. The emerging mechanistic picture is consistent with the observation that the oxygen affinity of the HbI-1/1 (Met-Lys) form is much less temperaturesensitive than that of the HbI-2/2 ( Val-Ala) form (Brix et al. 2004) , due to the counterbalance between two exothermic reactions: the internal water interaction and oxygen binding to haem.
(b) Cod in the Baltic Sea The strong shift in allele frequencies at the entrance to the Baltic coincides with the differentiation in cod at selectively neutral microsatellite DNA markers ( Nielsen et al. 2003) . However, the degree of differentiation found in the Hb-b 1 locus between the Kattegat and Baltic cod (F ST Z0.480, 0.472; table 1 in the electronic supplementary material) is more than one order of magnitude higher than that shown for neutral genetic markers (F ST Z0.034), and is thus consistent with the divergent selection between different environments. It might be speculated that the complete dominance of cod with the Val-Ala variant in the Baltic Sea could be the result of the colonization by Barents Sea cod ca 8000-4000 yr ago, as hypothesized by Sick (1965b) . This is, however, not supported by microsatellite studies demonstrating a closer relationship between the Baltic and North Sea cod than that between the Baltic cod and cod from the Barents Sea ( Nielsen et al. 2001) .
The brackish water of the Baltic Sea restricts cod to deeper waters with higher salinity, but this strategy is compromised by low oxygen levels near the sea bottom due to water stagnation ( Tomkiewicz et al. 1998) . The Baltic cod are also challenged by long periods of low temperatures during winter and spring, which might, however, be an advantage by lowering the metabolic rate and increasing the oxygen solubility. In addition to the reported local adaptation of the Baltic cod eggs and sperm to low salinity ( Nissling & Westin 1997) , we propose that the Baltic cod stock is adapted to environmental hypoxia by possessing the high-affinity Val-Ala (HbI-2/2) form. Owing to the temperature sensitivity of this haemoglobin variant, its oxygen affinity would further increase with decreasing temperatures because of the strong exothermic character of oxygen binding.
(c) Cod in the Arctic waters In the cold waters of the Northern Hemisphere, fishes are well known to possess high mitochondrial densities and elevated aerobic capacities, which are crucial traits in thermal adaptation (Guderley 2004; Pö rtner et al. 2006) . Accordingly, permanent cold adaptation in Atlantic cod inhabiting the Barents Sea and the Norwegian coast involves elevated aerobic metabolism in white muscle compared with the North Sea cod, in line with the concept of higher maintenance costs at low temperatures . Increased oxygen delivery to high mitochondria densities is also supported by the significantly higher cardiac expression of myoglobin in fish acclimatized to 48C than 108C, and the cold compensation was more pronounced in the northeast Arctic cod than North Sea cod (Lurman et al. 2007 ). HbI-2/2 cod acclimatized to 48C showed significantly higher oxygen affinities than HbI-1/1 cod (P 50 of 45.64 and 53.77 mmHg, respectively, and P 80 of 130.79 and 177.28 mmHg, respectively), and larger arterial-venous differences were found in HbI-2/2 cod compared with the HbI-1/1 type when measured at 48C (Brix et al. 2004) . The importance of oxygen loading by high-affinity haemoglobins in water-breathing animals is supported by comparative studies of multiple water-breathing, bimodal and air-breathing fish species (Graham 2006) . Thus, safeguarding post-branchial saturation seems to be given the first priority in a low-oxygen medium. Even though information about the ligands affecting both the arterial and venous site is limited in cod, the presented results strongly indicate that the high-affinity Val-Ala form is well adapted to the cold Arctic waters by ensuring high oxygen saturation of the arterial blood that is of importance for the high maintenance costs. The related ice cod (Arctogadus glacialis) and polar cod (Boreogadus saida) are strictly cold-water species, but the relatively stationary ice cod inhabits permanently ice-covered waters even farther north than the highly migratory polar cod. Physiological studies of a purified haemoglobin component (Hb3) revealed lower oxygen affinity, but higher Bohr effect, in the ice cod compared with both polar cod and Atlantic cod, which may be preferentially related to lifestyle ( Verde et al. 2006) . Intriguingly, the b 1 globin of ice cod and polar cod differs by displaying Met and Val, respectively, at position 55 (similar residues Gln and Asn at position 62; SwissProt accession nos. Q1AGS3, Q1AGS7). Based on the results herein, we suggest that the low-affinity Met variant probably transport sufficient amounts of oxygen in the sluggish ice cod, whereas the polar cod is probably better fitted to higher oxygen demands by possessing the destabilizing Val residue at the a 1 b 1 interface, similar to the Atlantic cod in these waters.
(d) Cod in the North Sea Studying the effects of acclimation temperatures at 4 and 128C, Brix et al. (2004) found a significant drop in oxygen affinity in HbI-2/2 cod compared with HbI-1/1 cod when acclimatized to and measured at 128C. Cod possessing the temperature-sensitive Val-Ala form will therefore risk reduced oxygen uptake at higher temperatures. Accordingly, both oxygen-binding affinity and capacity decreased with acute temperature increases in cod from Newfoundland, which probably comprised much more than 90 per cent HbI-2/2 (Gollock et al. 2006) . The large, exponential increase in blood flow measured in these Newfoundland cod differs from the hyperbolic increase in German Bight cod likely to be composed of more than 55 per cent HbI-1/1 (Lannig et al. 2004) . Although different techniques may account for some of the observed differences between these studies, the unexpected resistance to warming waters specifically reported for the North Sea cod ( Neat & Righton 2007 ) is highly suggestive of the possible great importance of the temperature insensitivity of the HbI-1/1 form. We therefore propose that cod possessing the Met-Lys form is better fitted for life in warmer waters than cod with the Val-Ala form, in agreement with the preference for higher temperatures by the HbI-1/1 cod than the HbI-2/2 fish (Petersen & Steffensen 2003) . Interestingly, acclimation of heterozygotes HbI-1/2 to high temperature was shown to involve increased levels of the HbI-1 protein allele in the blood, whereas low temperature favoured the synthesis of the HbI-2 allele (Brix et al. 2004) . Hence, the ability to change the ratio of the two haemoglobin forms by a hitherto unknown mechanism might be beneficial for the heterozygotic cod in these fluctuating environments.
(e) Concluding remarks The distributions of both the exploited and unexploited North Sea fish populations have responded markedly to recent increases in sea temperatures as a consequence of global warming (O'Brian et al. 2000; Perry et al. 2005) . Based on the strong relationship between the haemoglobin polymorphisms and temperature preference, we propose that the observed northward migration of Atlantic cod is due to increased temperatures exceeding that preferred by the HbI-1/1 (Met-Lys) cod in the North Sea. This implies further that a combination of increased water temperature (HELCOM 2007) and low oxygen levels would be even more unfavourable for the Baltic Sea cod, which predominantly possess the HbI-2 allele. The present frequency of the HbI-2 allele in the Baltic (approx. 97%) is, however, similar or even higher than that identified by Sick in the early 1960s (Sick 1965b) , indicating either lack of environmental change or microevolutionary response during this time period.
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